Abstract-Essential information for clarifying geodynamic processes is obtained by imaging the Earth's interior through geophysical observations. Huge oceanic areas are important locations for conducting such observations. The broadband ocean-bottom seismometer (BBOBS) that we developed has been used since 1999 in several array observations, which gave us new information. But, the BBOBS's noise model in periods longer than 10 s indicates the high noise level in horizontal components above the new high noise model (NHNM), although the vertical one is between the NHNM and the new low noise model (NLNM). It makes it difficult to apply modern analysis methods using horizontal component waveforms even from the data of the one-year-long observation at a single station. Recently, we have developed a geophysical instrument to investigate the oceanic mantle, namely the next-generation broadband ocean-bottom seismometer (BBOBS-NX), operated by a remotely operated underwater vehicle (ROV). The BBOBS-NX provides data of much higher quality than the conventional BBOBS, because it shows a comparable noise model in horizontal components with that of land seismic stations in periods longer than 10 s. Comparison between bottom currents and horizontal particle motions of the BBOBS-NX and conventional BBOBSs clearly indicates the effective reduction of the noise due to the bottom current in this period range. A preliminary receiver function analysis also shows the advantage of the BBOBS-NX to the conventional BBOBS, even if the observation period of the former was shorter than a quarter of that of the latter.
I. INTRODUCTION

I
MAGING the Earth's interior by geophysical observations provides essential information regarding geodynamic processes and has revealed peculiar features of the mantle structure, such as the stagnation of subducted oceanic slabs, anomalies suggesting the presence of water in the mantle transition zone (MTZ), strong heterogeneities of seismic velocity at the core-mantle boundary, and changes in seismic velocity at the lithosphere-asthenosphere boundary (LAB) (e.g., [1] and [2] ). However, these findings are based primarily on the analysis of data from temporary observation networks and/or permanent observatories on land. Although large-scale array studies have also made it possible to explore the oceanic mantle through the deployment of conventional instruments, such as the broadband ocean-bottom seismometer (BBOBS) (e.g., [3] and [4] ), it is hoped that observational technology can be further improved to overcome the problem of relatively low data quality, as compared to data obtained at land seismic stations. For example, the conventional BBOBS's observation should be continued for more than two years to obtain a meaningful result of the receiver function analysis at a single station [4] . The importance of building high-quality seismic stations to cover oceanic areas has led to several experimental observations being performed in, for example, the Japan Sea [5] , the Atlantic Ocean [6] , and the Pacific Ocean [7] . As a pioneer, Suyehiro et al. [5] installed the first broadband seismic sensor in the borehole beneath the seafloor. In [6] , Montagner et al. found that the noise level of the ocean-bottom seismometer (OBS) on the seafloor close to the borehole was lower than that of the sensor in the borehole. The latest observation [7] was performed with other types of OBSs using the same broadband sensors, which is mentioned in Section II. Although these pilot experiments produced important results, the observation periods of these experiments were not long enough to accumulate data for practical analyses or to discuss the background noise level in detail. Built in 2000, the borehole seismic observatory, which provided ideal observational conditions for oceanic areas, operated for more than two years [8] , and the high quality of the data obtained led to a new hypothesis on the nature of the LAB [9] , which would have been difficult to achieve in the same observation period using the data of conventional BBOBSs. Currently, however, there are no permanent broadband seismic stations in operation on the deep seafloor in the global seismic network, such as the Incorporated Research Institutions for Seismology (IRIS, Washington, DC), because of the difficulty in maintaining this kind of offline permanent station. Therefore, it is still important to develop a seismic instrument with high mobility that will enable temporary broadband seismic observations on the deep seafloor and that will provide reasonable data quality.
In this paper, we describe the recent development of a next-generation broadband ocean-bottom seismometer (BBOBS-NX), which is operated by a remotely operated vehicle (ROV), at the Earthquake Research Institute (ERI), University of Tokyo, Tokyo, Japan. This new instrument provides data of much higher quality than a conventional BBOBS. The photograph of the BBOBS to be deployed soon. The titanium sphere housing (diameter: 650 mm, orange color) contains a broadband sensor with a leveling unit, a data recorder, an acoustic transponder, and batteries. The housing also provides buoyancy to facilitate recovery. The BBOBS is allowed to fall freely from the sea surface and is recovered by means of a self-popup recovery system, which releases the anchor (red brown color) upon receiving an acoustic command from the ship. The observation period can be longer than 400 days. This image was taken nearly from the front, because this side becomes upside in the recovery. The other side is called the rear where the transducer of the acoustic transponder is attached. (b) This image was captured from the Shinkai 6500 submersible operated by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC, Yokosuka, Japan). The transducer is seen on the right-hand side of the sphere housing. (c) The histogram of sensor's tilts before the leveling of the sensor was done that would reflect the tilt of the whole BBOBS on the seafloor. The data were selected from BBOBSs deployed on the flat deep-sea basin. The pitch is almost around the axis along the front to the rear, and the roll axis is perpendicular to that of the pitch. The bimodal distribution in the roll comes from ambiguity of the direction of the leveling unit when it was attached in the titanium sphere and also from the asymmetry design of the BBOBS along the front to the rear. The shaded area of a light green color shows tilts within 8 , of which range the sensor equipped in the BBOBS-NX can operate correctly.
II. TECHNICAL BACKGROUND
A. Limitations of the BBOBS
We previously developed a BBOBS with high mobility (Fig. 1 ) [10] , and since 1999, this has been used to carry out numerous practical observations and studies (e.g., [11] ). Currently, the total number of BBOBS deployments is more than 80. However, through evaluation of the broadband seismic data obtained at several different locations and times, the noise level of the horizontal components, which are important in modern data analyses, is rather high, and the variation of the noise level over time is also large, as shown in Fig. 2 . In the following, noise levels are discussed based on the noise model described in [12] , which is a robustly estimated noise spectrum averaged from several time windows during which no global earthquakes were reported. Using this standard method to evaluate noise levels, comparisons among different observations can be performed objectively. Although the vertical component of the BBOBS's noise model is comparable to that of a land seismic station, the horizontal component is above the new high noise model (NHNM) of [13] . This is believed to be due to small tilt variation over time (caused by the turbulence of weak bottom currents) of the large housing sphere that contains the broadband sensor, the data recorder, the acoustic transponder, and the batteries. This effect is discussed later based on the current profiler data.
Because of this character in the noise model of our BBOBS, there is difficulty to apply modern analysis methods such as the receiver function method for the BBOBS data due to the high horizontal component noise level on average. But, if we continue the data accumulation through several years by repeating BBOBS observations (e.g., [4] ), we could use sufficient quality data, when the noise level was low, for such methods, by spending long time and much effort for observations. Moreover, in cases of methods using the vertical component data only or utilizing the narrow window of the low noise level in periods between 10 and 20 s, the conventional BBOBS is still quite useful for our studies.
B. Buried BBOBS
The buried OBS has been investigated as one method by which to address this noise problem [7] . We calculated the noise models in the manner described in Fig. 2 , using the original data obtained simultaneously from a buried OBS and a colocated conventional OBS placed on the seafloor, that equipped the identical broadband sensor (Fig. 3) . The results showed that excellent noise reduction could be achieved by burial in periods longer than 10 s. However, the problem with this buried OBS system is that the large sensor case requires a heavy (1500 kg) weight for penetration into the seafloor sediment [14] . The reason for the large size of the sensor case was the use of the same broadband sensor that was designed for land stations. The deployment system requires an armored cable that runs from the ship to the seafloor, and the recovery of this buried OBS was performed by an ROV. Although the results obtained using the buried OBS system are promising, no further observations were carried out using this OBS.
C. Development of a New BBOBS System
To make the BBOBS more practical by reducing the effect of tilt variation due to bottom currents, we have started to develop a new BBOBS based on the original buried sensor. Through several test observations using the ROV, the BBOBS-NX is proven to have a comparable noise level to that of land seismic stations as shown in Section V. The final goal of the BBOBS-NX is a free-fall deployment and self-popup recovery system in the same manner as the conventional BBOBS, because this kind of a system will provide greater opportunities for broadband seismic observation in oceanic areas because of fewer limitations on the equipment of the ship, such as the ROV or the armored cable winch for the deep sea. 
III. INSTRUMENTATION OF THE BBOBS-NX
The key to the development of the BBOBS-NX lies in the buried sensor unit. Therefore, we use a small, low-profile broadband sensor that facilitates easy penetration into the seafloor sediment. Since no such sensor was commercially available, we asked Güralp Systems Limited (Reading, U.K.) to customize the CMG-3T sensor (0.02-360 s) to meet our requirements, which, in addition to the size requirements, include 1) the ability to operate under a maximum inclination of 8 ; and 2) the mechanical separation of individual components and daisy chain wire harness connection.
The first condition is necessary to achieve a small size without using a leveling mechanism. The range of acceptable inclination is estimated from our previous experience with BBOBS observations [ Fig. 1(c) ]. Therefore, the vertical component signal is contaminated by two horizontal component signals due to the tilt of the entire sensor unit. This contamination is corrected by postprocessing using values from the tilt meter in the electric compass module incorporated into the E/W horizontal component unit, when it was finally installed at the seafloor. The second condition is required to make each pressure case small with respect to both diameter and height, which leads to easy penetration into the seafloor sediment. As shown in Fig. 4 , the sensor unit is composed of three bullet-shaped pressure cases, which are connected rigidly to each other to maintain the orthogonality of the three component sensors. To prevent mechanical damage to the sensor during deployment, landing on the seafloor, and recovery, the mass of each sensor is locked unless the sensor is in operation. The mass lock/unlock control is performed through serial communication. The power consumption of this new sensor is approximately 420 mW (12-V DC), which is slightly higher than that of the CMG-3T used in the conventional BBOBS. The analog output of the velocity signal in each component is single ended and has a sensitivity of approximately 1000 V/(m/s).
The current BBOBS-NX is designed to be operated by an ROV during deployment and recovery and so has no anchor-releasing mechanism. Other internal units are almost the same as in the conventional BBOBS (Fig. 1) . The titanium sphere housing, which is 650 mm in diameter, contains the data recorder, the acoustic transponder, and batteries, and it is connected to the sensor unit by a 5-m-long underwater cable for power supply, signal output, and serial communication to control the sensor. The acoustic transponder is still used to measure the slant range for positioning and to control the data recorder and the sensor from the ship or the ROV without using the underwater mateable connector. The power consumption of the data recorder is approximately 300 mW (12-V DC) during the observation, which was designed for the conventional BBOBS [10] that is usually deployed for one year or longer. Approximately 80 DD size lithium cells are installed for the 400-day observation.
IV. TEST OBSERVATIONS
After several tests of the performance of the sensor unit at the laboratory and in the vault of a seismic observatory, the first observation on the seafloor was conducted in June 2008. The test site, T08 in Fig. 5 , was chosen because the conventional BBOBS had been deployed there almost continuously Fig. 3 . Noise models for OBS with broadband sensors on and beneath the seafloor. (a) OSN1S is an OBS with a sensor on the seafloor, and (b) OSN1B is an OBS with a buried sensor [7] . These noise models are calculated based on the original data obtained from the IRIS data center, in the same manner as in Fig. 2 . Although the same sensors (CMG-3T) were used, and the observation period was the same, the noise model for the buried sensor shows a large noise reduction in periods longer than 10 s. since 2005 [4] . This area has a relatively low noise level, as shown in the noise model of Fig. 2 . In total, we carried out four test observations under different conditions of the sensor unit until February 2010. All of the instruments deployed were located within an approximately 300-m-wide region of a deep flat basin with a depth of 4920 m (Fig. 6) .
For the first observation period, the entire BBOBS-NX system (NX1) was delivered to the seafloor in the basket of the ROV Kaiko 7000 II, which was operated by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC, Yokosuka, Japan). As such, the sensor unit could not sufficiently penetrate into the seafloor sediment due to the neutral buoyancy and low power of the ROV that had a maximum down thrust force of about 1500 N. As a result, approximately half of the sensor unit was left exposed above the seafloor. The recording duration was set at six months, but the instrument itself was recovered in June 2009, one year after deployment, due to ship schedule delays.
For the second observation (NX2), we changed the design and the deployment procedure of the BBOBS-NX system so as to allow the sensor unit to sufficiently penetrate the seafloor sediment, as shown in Fig. 7 . The titanium sphere housing and the sensor unit were tied together during the free-fall deployment from the sea surface. The descent speed was approximately 1.5 m/s. After landing on the seafloor, the ROV detached the sphere housing from the sensor unit and moved the sphere housing a few meters away. Then, after checking (and correcting) the inclination of the sensor unit so that it was within acceptable range of 8 , an acoustic command was sent to the BBOBS-NX system to start recording. If the tilt of the sensor unit exceeded the range too much due to an obstacle on the seafloor, we planned to reinstall the BBOBS-NX system from dozens of meters above the seafloor by the ROV. But, in our six deployments of the same system until now, only once the tilt became 10 . Because there was nothing beneath the sensor unit causing the tilt, it was correctable by pushing the top of the sensor unit by the skid of the ROV with the maximum down thrust. The recovery was also performed by the ROV. The sphere housing and the sensor unit were connected by a rope shorter than the underwater cable so that the entire system could be pulled up, suspended under the ROV, and carried to the sea surface. Observations by the NX2 began when the NX1 was recovered, and it was intended that the NX2 itself would be recovered in August 2009. However, at the scheduled recovery time, the ROV encountered serious trouble while deploying the NX3 before recovering the NX2, so that recovery of the NX2 was postponed until December 2009. Due to this problem, deployment of the NX3 was not finalized so that it was left in a condition similar to that shown in Fig. 7(b) . Although the recording unit was still attached to the sensor unit, we decided that starting the third observation with this NX3 would provide useful information for comparison with that of the correctly deployed BBOBS-NX system. [4] . The T08 site is located at the southwestern tip of the Shikoku Basin, which is close to the T13 site, for which the conventional BBOBS noise model is shown in Fig. 2 . The Kyusyu-Palau Ridge is located near the west side of this site.
The procedure used for the fourth observation (NX4) was almost the same as that for the second observation, except that we attempted to cover the sensor unit with fine sand so as not to expose the top of the unit in the seawater, a procedure that was planned for the NX3. The observation in December 2009 was conducted during the recovery of the NX2 (and NX3) and ended in February 2010. The length of the second and fourth observation periods was not sufficient to examine the seasonal variation of the noise level, but these data were good enough to demonstrate the performance of the BBOBS-NX [15] . The instruments deployed in this series of test observations are summarized in Table I , in which "NX" and "CNV" indicate the BBOBS-NX and the conventional BBOBS, respectively. We also deployed an ocean-bottom Doppler current profiler (OBDC) to measure the bottom current near the conventional BBOBS and the BBOBS-NX. All of these instruments are indicated on the map shown in Fig. 6 .
V. RESULTS AND DISCUSSION
A. Noise Model
The data sets from three significant test observations (NX1, NX2, and NX4) were analyzed in the same manner to construct the noise model for each observation. Fig. 8 shows the noise models for the first (NX1) and fourth (NX4) observations; the noise model for the second observation (NX2) is not shown because it is similar to that for the fourth observation. The grayscale curves show the noise model for the conventional BBOBS deployed between 2006 and 2007 at the same site, as a part of a BBOBS array [4] . Based on numerous BBOBS observations at the same location, the noise models demonstrate good reproducibility, which allows us to compare these noise models directly. The noise reduction of horizontal components for the first observation (NX1) with respect to the conventional BBOBS was as small as approximately 5 dB at periods longer than 30 s [ Fig. 8(a) ], which was less than expected. Initially, we considered that the high horizontal noise level of the BBOBS was caused by the tilt of the large titanium sphere housing, which is light in the water due to its remnant buoyancy, according to the time variable bottom current. Since the sensor unit of the NX1 is rigid and heavy in water, we assumed that some noise reduction would be achieved, even with imperfect penetration into the seafloor sediment. However, the results for the NX1 indicate that the main cause of the noise is related to the total volume of parts that are rigidly connected to the broadband sensor exposed to the seawater, which might be struck by the bottom current. Based on the bottom-current measurements on the seafloor by the OBDC (Fig. 9) near the BBOBS-NX, the maximum speed sometimes exceeded 10 cm/s, and the direction changed daily by approximately 180 in many cases, even in this deep-sea basin.
The results for the second (NX2) and fourth (NX4) observations exhibit a remarkable noise reduction of more than 20 dB in the horizontal components at periods longer than 20 s [ Fig. 8(b) ]. In this case, the noise levels for all three components are between the NHNM and the NLNM, which means that the noise level of the BBOBS-NX is comparable to that of a broadband seismic station on land. Although, compared with the conventional BBOBS, there is no difference in noise level in the vertical component at periods shorter than 100 s, a noise reduction of approximately 10 dB is observed at periods longer than 100 s. The range of the horizontal noise level [ Fig. 8(c) ] is also smaller than that for the conventional BBOBS [ Fig. 2(b) ]. Covering the top of the sensor unit with fine sand in the fourth observation (NX4) was found to have no remarkable effect on the noise reduction. In the case of the third observation using the incorrectly deployed NX3, the noise levels were almost similar to those for the conventional BBOBS. Although the NX3 also penetrated the seafloor sediment well, the large spherical housing attached to the sensor unit was assumed to cause noise Fig. 7 . Photographs of the BBOBS-NX (NX2) taken during the second observation. (a) After the sensor unit and the titanium sphere housing of the BBOBS-NX were attached, the entire system was dropped from the sea surface. (b) By free-fall deployment, the sensor unit penetrated well into the seafloor sediment. The tilt of the sensor unit was approximately 2 , which is in the acceptable range ( 8 ) . (c) Then, the sphere housing was detached from the sensor unit and was moved a few meters away by the ROV Kaiko 7000 II. This image was taken during the recovery. due to the bottom current at periods longer than 10 s. One more remarkable change is that a spectrum peak around 8 Hz in the result of the conventional BBOBS was not visible in the results of all four observations (NX1, NX2, NX3, and NX4). This kind of peak is commonly observed by BBOBSs deployed on the seafloor at several different sites, for example, in Fig. 3(a) . Because the NX3 had the spherical housing on the sensor unit, one possibility to explain the cause of the peak, vibration of parts attached to the spherical housing due to the bottom current, would be denied. As a circumstantial evidence, penetration of the sensor unit into the sediment worked to eliminate this peak.
Comparison with the noise model for the buried OBS shown in Fig. 3 indicates that it exhibits a noise level that is about 10 dB lower than that of the proposed BBOBS-NX, so there is still room for improvement. In the former case, the reduced noise level might have been due to the complete penetration of the sensor case into the sediment [14] , which also resulted in good coupling due to compaction of the surrounding sediment by the large-diameter sensor case. Since clear bottom marks of the ROV were observed on the seafloor when we recovered the instruments at the T08 site after a several-month-long observation, the current speed is assumed to be quite low near the seafloor surface because of the presence of a friction layer.
The above considerations reveal the importance of lowering the sensor unit so that it is not exposed to the seawater for better noise reduction. In addition, both cases of the buried OBS and the BBOBS-NX could not improve noise levels from the conventional BBOBS in periods shorter than 10 s, especially in the microseism band (0.2-10 s) of high noise levels in all three components. The microseism is explained to be caused by ocean waves and it propagates as the Rayleigh wave of the fundamental mode in [16] . Although currently we have no data of the bottom current in this period range, the reason of no noise reduction by the buried OBS and the BBOBS-NX in the microseism band is estimated as due to the particle motion of the Rayleigh waves with high amplitude within the uppermost part of seafloor sediments.
B. Noise Level and Bottom Current
To understand the relation between the seismic noise level and the bottom current, we performed a current measurement during the same observation period as the NX2. We selected a Doppler current profiler (AQUADOPP, NORTEK AS, Oslo, Norway) for the OBDC because this profiler can measure a slow current of less than 1 cm/s and has a maximum sampling rate of up to 1 Hz, which is preferable for comparison with the seismic data. Since a long-term continuous current measurement with a high sampling rate and fine velocity resolution requires a largecapacity power source, which should also be positioned near the BBOBS-NX, we used a long-term OBS system without a sensor and a recorder as the external power supply and the deployment and recovery system [ Fig. 9(a) ]. Thus, after dropping the OBDC from the ship, the ROV could find and move the OBDC close to the BBOBS-NX (NX2) and the BBOBS (NA) quite easily. Due to the design and the principle of this current profiler, the measured resultant velocity field is an averaged velocity field around the profiler, within a circle of approximately 1.5 m in radius and about 1 m above the seafloor. Power spectrum densities of bottom currents [ Fig. 9(b) ] are calculated from the data between July 22 and 26, 2009. The vertical current looks nearly constant in wide periods or is only a few millimeters per second (or less), but the horizontal one shows quasi-linear dependency on periods. Fig. 8 . Noise models for the BBOBS-NX from the first (NX1) and fourth (NX4) observations. The noise models for the BBOBS-NX in (a) the first observation and that in (b) the fourth observation are compared with that for a conventional BBOBS (CNV) at the same site. The curves for the BBOBS-NX and the conventional BBOBS are indicated by colors and grayscale, respectively. The vertical and two horizontal components are labeled , , and , respectively, because the horizontal direction is not adjusted to the north. The first observation (NX1) resulted in a small noise reduction in the horizontal components due to imperfect penetration of the sensor unit into the seafloor sediment. The fourth observation (NX4) yielded a sufficient noise reduction that is comparable to that for land seismic stations, lying between the NHNM and the NLNM, because of the good penetration of the sensor unit. (c) The range of horizontal noise level variation for the NX4 is smaller than that shown in Fig. 2(b) . Fig. 10 shows a four-day time series [the same period as that of Fig. 9(b) ] of horizontal current velocity and direction determined by the OBDC, and the parameters of the major axis (amplitude and direction) of the ellipse fitted to the horizontal particle motion and the flattening (i.e., oblateness) of the ellipse at periods of 200 and 2000 s from the NX2 data and that from two conventional BBOBSs (NA and TOK08). Each data of OBSs is corrected by using the instrumental response to obtain the ground velocity. These periods of 200 and 2000 s are chosen for the following reasons: the former is the period at which the bottom current becomes significant in shorter periods, and the latter is the period at which the current is more significant to have larger power than the vertical current [ Fig. 9(b) ]. The direction is indicated using the same color scheme in all graphs, but the direction range of the major axis is limited to between 0 and 180 due to ambiguity in the estimation of the major axis direction. The ellipse fitting is performed for the horizontal component data in a time window of approximately two cycles after 0.2-octave-wide narrow bandpass filtering. Amplitude axis ranges of the NX2 are two and five times for 200-and 2000-s results, respectively, due to their small values compared with those of the NA and the TOK08. 11 . Receiver function analysis of data obtained during test observations. Using the data set of the conventional BBOBS and the BBOBS-NX deployed nearby, a receiver function analysis was performed. Although the BBOBS-NX (NX2) recorded for only two months, the resultant trace shows clear signals at the MTZ (410 and 660 km, light red area) compared with that for the data from the conventional BBOBS (TOK08), which was deployed for nine months. The data were bandpass filtered between 8 and 25 s. Here, " " indicates the number of events used to stack each trace. A more detailed explanation is given in Section V-C.
Clearly, the BBOBS-NX (NX2) is less affected by the bottom current based on the horizontal particle motion analysis, whereas for conventional BBOBSs (NA and TOK08), large amplitude values are observed with a periodicity similar to that of the high-velocity bottom current. In several cases, large-amplitude terms in horizontal particle motion are related to high flattening of the ellipses close to 1, which means almost linear movement of the sensor unit of the BBOBS-NX and conventional BBOBSs. Although directions of the bottom current and the major axis of the NX2 are approximately consistent, this is not the case for the two conventional BBOBSs, and especially for the NA at 200 s. As the OBDC, the NX2, and the NA were located close to each other (Fig. 6) , the reason for this difference in the conventional BBOBS is assumed to be related with directions of their mechanical axis (i.e., heading) using a square-shaped anchor [such as that shown beneath the BBOBS's sphere housing shown in Fig. 1(a) ]. The most possible direction of BBOBS's movement could be estimated as parallel to the sides of the anchor. Based on the video captured from the ROV, the heading azimuths of the NA and the TOK08 are 41 and 7 clockwise from the north, respectively. These findings indicate that for the conventional BBOBS, a small linear tilt of the entire system including the anchor occurs due to the bottom current, rather than only a tilt of the large and light sphere housing on the anchor.
C. Preliminary Analysis
To further examine the performance of the BBOBS-NX, a preliminary receiver function analysis [17] is applied, together with the data of the conventional BBOBS, which was simultaneously deployed nearby, and the results are compared. Since this analysis requires the horizontal component waveform, using the conventional BBOBS data is not so effective due to the high horizontal noise level. The results shown in Fig. 11 indicate the clear advantage of the BBOBS-NX. Here, the data from the second observation of the BBOBS-NX (NX2) and the data from the conventional BBOBS (TOK08) are used, because the TOK08 was operated for nine months, and this period overlaps that of the NX2 for two months (see Table I ). The events used here are selected based on the conditions of the epicentral distance ( ), the back azimuth to the epicenter, and finally the moment magnitude (Mw). Since the T08 site is located near the east side of the Kyusyu-Palau Ridge (Fig. 5) , the difference in the MTZ might be expected between the western and eastern sides of the ridge. Thus, we added a second condition of the back azimuth for events so as to have their P-S conversion points in the MTZ at the eastern-southern side from the T08 site. The resulting trace of the NX2 (bottom) shows clear signals of P-S conversions from both interfaces of the MTZ, at depths of 410 and 660 km, using only seven events for the stacking. However, it is difficult to observe these signals in the trace of the TOK08 for the same Mw condition (middle), even though the number of events was 27. When we choose events greater than Mw 6.5, the trace (top) appears fairly reasonable, but remains unclear compared to that of the NX2, due to the existence of a peak at a depth of 500 km and interfaces at slightly different depths of 410 and 660 km. This result implies an approximately ten times greater effectiveness of the BBOBS-NX in data accumulation for practical analyses using horizontal waveforms compared to that for the conventional BBOBS.
VI. CONCLUSION
This paper describes a new seafloor observation system (BBOBS-NX), which we recently developed for seismic investigation in mantle studies. This instrument was shown to dramatically improve the data quality, compared with the conventional BBOBS. The main reason for the noise reduction in the horizontal components appears in both minimizing and lowering parts of the sensor unit, so as to enable the good penetration of the sensor unit into the seafloor sediment. Because parts are mechanically connected to the broadband sensor and exposed in the seawater, this could be influenced by bottom currents. The results of the preliminary analysis indicate the high effectiveness of the BBOBS-NX for good-quality data collection compared to the conventional BBOBS.
This new system is already being used in practice, and we are planning a large-scale array study in the northwestern Pacific Ocean. New findings on the oceanic mantle structure are expected by the combined use of this new system, as well as conventional instruments, such as the BBOBS and the OBEM. This observation has begun in 2012 using the R/V Kairei and the ROV Kaiko 7000 II (JAMSTEC).
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